Single-strand conformation polymorphism (SSCP) analysis is used by many laboratories to study the quasispecies distribution of the hepatitis C virus (HCV). Here we question the validity of this experimental approach, as conclusions are drawn from the analysis of the migration patterns of two ssDNA molecules and not from RNA. Using previously characterized mutants of the HCV 5 untranslated regions, we show that contrary to what has been predicted, SSCP migration patterns of DNA amplicons with differences in their nucleotide sequences generated from the full 5 UTR of HCV are not necessarily unique.
Single-strand conformation polymorphism (SSCP) analysis is a method used for detecting sequence differences of singlestranded DNA (ssDNA) by nondenaturing polyacrylamide gel electrophoresis (PAGE) (25) . In general, the SSCP process involves PCR amplification of the target DNA, denaturation of the double-stranded PCR product with heat and formamide (or other denaturants), and sample resolution by nondenaturing PAGE (10, 23, 25) . During electrophoresis, ssDNA fragments are expected to fold into a three-dimensional shape depending mainly on their primary sequence (10, 23, 25) . Several authors have suggested that even if the difference in the sequence between the wild-type sample and a mutated fragment is just a single nucleotide, a unique and distinct electrophoretic mobility pattern will be adopted by each sequence (9, 12) . Therefore, complex mixtures of DNA species of the same size can be separated by nondenaturing PAGE into bands of different mobility, due to a difference in their predominant semistable conformations. At present, no adequate theoretical model exists for predicting the three-dimensional structure assumed by an ssDNA fragment with a known nucleotide sequence under a given set of conditions (10, 23) . Therefore, for each ssDNA fragment, the number of stable conformations which give rise to bands with different mobilities during SSCP electrophoresis must be determined experimentally under rigorously controlled conditions. Numerous parameters have been empirically found to affect the sensitivity of SSCP analysis, including the type of mutation, size of the DNA fragment, G and C content, content of polyacrylamide or other gel matrix constituents, gel size and potential, gel temperature during electrophoresis, DNA concentration, electrophoresis run time, and buffer composition, including ionic strength and pH (1, 12, 13, 15, 21, 23) . In consequence, SSCP optimization today remains a highly empirical experimental approach. Yet, in despite of these apparent experimental constraints, SSCP analysis has been widely used to detect mutations in oncogenes, tumor suppressor genes, and genes responsible for genetic diseases, among others (10-12, 15, 17, 23, 25, 31) . SSCP remains a favored method not only to screen potential sequence variations but also to identify new mutations within genes. Moreover, its speed and simplicity in the detection of mutations within DNA molecules make it attractive for use in clinical diagnostic laboratories (3, 8, 17) . SSCP analysis is used by many laboratories today to study virus quasispecies distribution. Populations of RNA viruses in vivo consist of heterogeneous mixtures of genetically different but closely related variants, referred to as "quasispecies" (5, 14, 30) . The heterogeneity of the genome of RNA viruses is a consequence of continuous and elevated replication rates in combination with error-prone replication catalyzed by viral RNA-dependent RNA polymerases, which lack proofreading activity. The ability to form quasispecies endows the virus with an extraordinary capacity to adapt to new environmental conditions, such as immune pressure or antiviral therapy (6, 24) . The study of RNA virus quasispecies distribution by SSCP requires an additional step to the above experimental procedure, namely, that of reverse transcription. Moreover, in quasispecies studies of RNA viruses, conclusions are drawn from the analysis of the migration patterns of two ssDNA molecules. These facts prompted us to question the validity of using SSCP assays in the study of quasispecies distribution of the hepatitis C virus (HCV), an RNA virus, classified in the genus Hepacivirus within the family Flaviviridae (20) .
In a recent report, we described the isolation of a series of naturally occurring mutations present within the 5Ј untranslated region (5Ј UTR) of the HCV RNA (2). The HCV 5Ј UTR corresponds to the most conserved region within the HCV RNA genome. The conservation of the 5Ј UTR is not limited to the primary sequence but also applies to the overall RNA structure (7, 22) . The HCV 5Ј UTR harbors the internal ribosomal entry site (IRES), an RNA structure required for translation initiation of the viral polyprotein (7, 22) . The ability of the different IRESs, isolated from clinical samples, to drive translation in rabbit reticulocyte lysate was evaluated in vitro using a dual luciferase (Renilla and firefly luciferase) bicistronic mRNA (2). The relative translational efficiency (RTE) was used in this study as an index of IRES activity, with the mean translation efficiency of the control HCV-1b IRES (wild type; nucleotides 13 to 383; GenBank no. AJ242654) being arbitrarily defined as 100%. To determine the influence of each of the identified mutations on viral IRES activity, substitutions were introduced into the HCV-1b IRES, and their individual effect on translation was evaluated in vitro (2) . Structural analysis of the different RNA mutants revealed that the G266A/G268U double mutant conserved the structure of the wild-type IRES, yet its translational activity was abrogated (2). Based on this finding, we sought to establish whether, as predicted by others (9, 12) , analysis of the SSCP pattern of the PCR amplification product of the different HCV IRES mutants (DNA plasmids) allowed their easy differentiation. We anticipated the SSCP patterns to be unique for each of the tested sequences (9, 12) . Figure 1 shows the SSCP patterns of the DNA amplicon and RTE for each RNA mutant (2) . SSCP patterns for the 5Ј UTR were established for 20 well-characterized HCV mutants following a previously described experimental protocol (33) . Amplification of the HCV 5Ј UTR was achieved using the sense primer 5Ј-TTG GGG GCG ACA CTC CAC CAT AGA TC-3Ј and the antisense primer 5Ј-GTT ACG TTT GGT TTT TCT TTG AGG T-3Ј, generating a 370-bp amplicon. All amplicons were sequenced (Macrogen Corp, Rockville, MD). In these assays, the SSCP migration pattern of the wild-type HCV-1b IRES was used as a control (Fig. 1, lanes 1, 14, and 23) . To lower the risk of false polymorphisms, which would lead to data misinterpretation, SSCP analysis was duplicated in an independent experiment using new DNA templates. PCR products were checked and FIG. 1. SSCP analysis of the full HCV 5Ј UTR. DNA from plasmids harboring the mutant HCV sequences (2) were used as PCR templates. SSCP assays were conducted as previously described (33) . The RTEs of these mutant IRES elements (shown in boxes) were previously reported (2) . Arrows indicate the SSCP migration pattern of the wild-type 1b HCV IRES in each gel. In agreement with what has been described by many (12, 13, 15, 23) , SSCP patterns were shown to vary for the same sample in different assays (compare data for the wild-type HCV 5Ј UTR in Fig. 1, lanes 1, 14, and 23 ). As expected, PCR products from most mutant 5Ј UTRs yielded unique and distinct SSCP patterns (Fig. 1) . Strikingly, mutants A119C (Fig. 1, lane 6) , A223G (Fig. 1, lane 9) , U356A/A359G (Fig. 1, lane 16) , and G266A/G268U (Fig. 1, lane 22) exhibited SSCP patterns visually indistinguishable from the wild-type pattern (Fig. 1, lanes  1, 14, and 23 ). This observation was consistent internally; in most cases we were unable to compare the same sample in different SSCP runs due to elevated interassay variability. The presence of the HCV-1b control (Fig. 1, lanes 1, 14, and 23 ) turned out to be crucial in order to permit valid conclusions with respect to the significance of a particular SSCP pattern.
No correlation between RTE and SSCP migration pattern could be established. For example, the patterns for mutants A119C (Fig. 1 , lane 6) and A223G (Fig. 1, lane 9 ), or G82A (Fig. 1 , lane 4) and G90A (Fig. 1 , lane 5), were indistinguishable, yet their RTEs were not equivalent. Mutants A73G, G90A, A119C, and U306C (Fig. 1, lanes 3, 5, 6 , and 10) exhibited comparable RTE values even though their SSCP patterns were not similar. An equivalent conclusion can be drawn from analyzing mutants C67U and G82A (Fig. 1, lanes  2 and 4) . Several studies on HCV compartmentalization or viral quasispecies distribution have drawn conclusions partially based on the SSCP analysis of the amplicons generated from the HCV 5Ј UTR (4, 16, 18, 19, 27, 28, 33) . However, data presented in Fig. 1 indicate that conclusions based exclusively on SSCP patterns of the PCR product of the full HCV 5Ј UTR followed by sequencing of the major circulating viral populations might in fact underestimate the real number of virus quasispecies. A number of studies have described mutations within the HCV IRES capable of hindering translational activity without altering the overall RNA structure of this element (2, 26, 32) . In the wild, these mutant viruses would clearly correspond to HCV quasispecies. Here, we report that the DNA product of one such mutant, G266A/G268U, exhibited an SSCP pattern that is indistinguishable from the pattern generated by the amplicon of the wild-type HCV IRES (Fig. 1,  compare lanes 22 and 23) . One possible explanation for the lack of sensitivity in the SSCP assay results presented herein might reside in the length of the analyzed amplicon (12, 13, 29) . Yet, even accounting for this possible constraint and given the fact that most studies target the full 5Ј UTR, we conclude that data generated using SSCP analysis of reverse transcription-PCR products must be regarded with caution. Contrary to what has been predicted by others, we provide evidence in this study that some mutated DNA amplicons generated by PCR may not be reliably distinguishable from wild-type HCV IRES PCR products by this widely used experimental approach. 
